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L-Thc relative permeation rates of electrolytically discharged hydrogen, deuterium, and 
mixtures of the two through sheet-iron cathodes were measured, and values for both the 
separation factor and the combined separation-permeation factor were determined. Also, 
data were obtained on the influence of strain, surface condition, and chemically precharged 
hydrogen on the permeation rate of electrolytic hydrogen. ** 



1. Introduction 

The hydrogen isotopes, deuterium and tritium, are 
frequently used as tracers in studies of various reac- 
tions involving ordinary hydrogen (protium). In 
many of these studies the 1:2:3 mass ratio of the 
isotopes is inconsequential and can be ignored. But 
in rate processes such as diffusion the mass differences 
must be taken into account. The necessary adjust- 
ment of data can often be accomplished by calcula- 
tions, especially when the diffusion or other process 
is well defined and understood. However, there are 
some kinetic processes in which use of the heavy 
isotopes of hydrogen as tagged atoms is limited be- 
cause of the unknown effects of the mass differences. 
The passage of hydrogen through iron, for example, 
is not a pure diffusion process at ambient tempera- 
tures [la] l and, despite a vast amount of research, 
the phenomenon is still not well understood. Hence, 
before results from tracer studies which involve the 
permeation of hydrogen through iron can be inter- 
preted, the effect of the differences in mass must be 
determined experimentally. 

The present paper gives the results of measure- 
ments of permeation rates of cathodic hydrogen and 
deuterium, and mixtures of the two, through com- 
mercially pure iron at 30° C. In addition, the effects 
of metal roughness, cold work, and chemically pre- 
charged hydrogen on the permeation rates of cathodic 
hydrogen were studied. 

2. Experimental Procedure 

Normalized ingot-iron sheet of commercial purity 
was used for all tests. The sheet was temper rolled 
to have a slightly roughened surface. Major 
impurities in weight percent for an iron of this type 
are: 0.02 C, 0.04 Mn, 0.04 Cu, 0.02 Ni, 0.02 S, and 
0.0.7 O. Specimens were cut from sheet stock of 
several thicknesses and prepared as shown in table 1. 



Table 1. Preparation of sheet iron specimens for measure- 
ment of hydrogen permeation 



i Figures in brackets indicate the literature references on page 117. 



Group 


Metal 
thickness 


Surface texture 


Method of preparation 


A-l 
A-2 


mm 
0.28 
1.26 


Semismooth (finelj 

ground). 


Hand abraded on both sides under 
water with No. 600 SiC abrasive 
paper. 


B 


0.28 


Very rough (grit 
blasted). 


Sandblasted on both sides with 
No. 60 mesh silica sand at so [)M 


C 


1.07 


Semismooth (finch 
ground). 


Cold-rolled from 1.83 nun to 1.07 
mm thick (42% reduction) then 
hand abraded as A above. 


D 


0.28 


Etched (acid 

pickled). 


Pickled on both sides in 7% II2SO4 
at 70 °C for 5 min. 


E 


.95 


Thermally etched, 
brighl annealed. 


Coated on both sides with non- 
adhering enamel glass, heated 
to annealing temperature, air 

cooled, a 



a This process for cleaning and heat-treating metals is similar to common por- 
celain enameling, excepl that the enamel composition and the processing tech- 
niques are designed to give a nonadherent coating [16]. The metal is heated in 
air to the fusion temperature of the coating (870 °C in thepreseni ease) and held 
for about 5 to 10 min while the molten enamel selectively attacks the metal sur- 
face and dissolves oxides and other surface impurities. When the composite 
cools to room temperature the enamel glass solidities and flakes off the metal. 
The resulting metal surface is deeply etched, hut, retains a bright metallic 
appearance. 



The iron was cathodically charged with hydrogen 
by electrolyzing 1.0 JV orthophosphoric acid. This 
acid was selected because it can be conveniently 
prepared by mixing P 2 0- with either II>() or D 2 
to yield either H 3 P0 4 or D 3 P0 4 , respectively. The 
heavy water used for making the D 3 P0 4 was 99.8 
percent D 2 0. 

Figure 1 is a schematic drawing of the apparatus 
used for producing the atomic hydrogen and 
measuring its permeation through iron specimens; 
the apparatus is similar to that used by Dietzel 
and Stegmaier [2]. Each experiment was started 
with a fresh quantity of electrolyte and a new 
specimen. 
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Figure 1. A schematic drawing of the hydrogen permeation 
apparatus. 

The cell was prepared for use by bolting the two sections together and tilting to 
expel trapped air. The apparatus was then partially submerged in a tempera- 
ture-controlled water bath. 



Experiments were conducted at a temperature of 
30°±0.5°C and at a cathode current density of 
5 ma/cm 2 . The area of the platinum anode was 150 
cm 2 and the area of the cathode was 31 cm 2 . The 
electrolytes were continuously and vigorously stirred 
throughout the experiments which lasted for periods 
of from 3 to 30 hr. Electrolysis was stopped after 
the permeation rate had reached a steady-state value 
or had passed through a maximum value. Rates 
were determined at frequent time intervals from 
the cumulative volume measurements of hydrogen 
permeating a specimen, as indicated by the volume 
of di-n-butyl phthalate displaced into the graduated 
cylinder. The accuracy of this measurement was 
of the order of ±0.01 ml. 

3. Reproducibility of Measurements 

Several investigators of the permeation of cathodic 
hydrogen through iron have been concerned with 
reproducibility and have sought means of improv- 
ing it. Heller [3] discussed reasons for the difficulties 
involved in making quantitative measurements. 
Duflot [4] established that electrolytic polishing of 
iron greatly improves the reproducibility of occlusive 
capacity measurements ; however, Robertson [3] was 
unable to confirm this finding. Lagasse and Lilet 
[5] observed that permeation rates continuously de- 
creased as a function of time in experiments incor- 
porating the common technique of adding catalytic 
"poisons" 2 to acid electrolytes in a cell containing a 
passive anode such as platinum. In order to obtain 
steady-state flow and to create reproducible experi- 



2 The evolution of gaseous hydrogen from an electrolyte is believed to be a 
two-stage process: (1) the discharge of hydrogen ions at the cathode, and (2) the 
formation of molecular from atomic hydrogen. The latter step is aided by the 
catalytic effect of the iron surface; however, small quantities of certain elements 
of Groups V and VI (P, As, S, Se, etc.) inhibit this catalysis and are said to 
"poison" the H-f-H-^H2 reaction. The resulting increased concentration of 
atomic hydrogen facilitates its entry into the metal [6]. 



mental conditions, these investigators devised a 
novel approach which produced not only a uniform 
flow of hydrogen but also a ten-fold increase in total 
flux over that obtainable by any previous method. 
They used a consumable carbon anode which they 
believed indirectly modified the excess hydrogen 
overvoltage at the cathode thus increasing the 
permeation rate. Also, the carbon anode contained 
the catalytic poisons, arsenic and selenium, which 
were liberated while the anode was being expended; 
thus, a continuous and fresh supply of catalytic 
poison was available throughout the duration of an 
experiment. 

In the present experiments the acid was poisoned 
with 1 g per liter of As 2 3 . This amount of arsenic 
appeared to be sufficient to produce and maintain 
a uniform flow of^ hydrogen through the cathode. 
Also, the permeation rates obtained were entirely 
adequate for obtaining accurate measurements; 
however, the reproducibility was such as to require 
many replicate determinations in order to obtain 
averages with reasonably low statistical uncertainty. 
Poor reproducibility was believed to be attributable 
to very small differences in either surface texture 
and/or internal structure of specimens that were 
supposedly identical. 

4. Effects of Different Specimen Preparation 
Techniques 

Several variables in specimen preparation were 
investigated prior to the measurement of relative 
permeation rates of hydrogen and deuterium. These 
screening tests were made with ordinary hydrogen. 
The results, in the next three sections, are presented 
and discussed primarily for their qualitative value. 

4.1. Effect of Cold Work 

A number of investigators have studied the effects 
of cold work on the permeation of hydrogen through 
iron and steel and have reported differing results; 
some have found that permeation continuously 
decreases with increasing cold work and some have 
reported just the opposite effect. However, the 
apparent discrepancies may be the result of different 
starting materials and different testing conditions. 
The more recent research indicates that the permea- 
tion rate initially increases with increasing cold 
work and then, after reaching a maximum rate, 
decreases with further cold work. In 1953 Schumann 
and Erdman-Jesnitzer [7] first reported that permea- 
tion increases with cold work up to a maximum of 
10 to 20 percent reduction in thickness of the metal; 
above this range, specimens with further increasing 
amounts of cold work display progressively lower 
permeabilities. At least two other investigators [5, 8] 
have since reported similar results. 

In the present investigation sheet iron was cold 
rolled to 42 percent reduction in thickness and its 
permeability compared to that of normalized sheet. 
Specimens were prepared as described in table 1 
(Groups A-l, A-2, and C), and the permeation rate 
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Figure 2. The effect of cold rolling on the 'permeability of iron 

to hydrogen. 

The permeation rate is expressed as the number of milliliters of hydrogen al 
30 °C and 1 atm pressure permeating in 1 sec an area of 1 cm- of a specimen of the 

indicated thickness. 

measurements of single specimens which arc typical 
of each group are shown in figure 2. It can be seen 
that the permeability of cold rolled specimens, 
1.07 mm thick, was much less than the permeability 
of normalized specimens, 0.2X and 1.26 mm thick. 
This great reduction in permeation caused by cold 
work is qualitatively in agreement with the results 
of the investigators cited above. 

4.2. Effect of Surface Roughness 

Roughened surfaces were produced by sandblast- 
ing, and the effect of this treatment on cathodic 
permeation was determined. The result is shown 
in figure 3. 

Sandblasting not only roughens the surface but 
also produces some cold work. The cold work ex- 
tends only a short distance below the surface of the 
met Jtl ; however, the surface zone is severely distorted, 
and it may be assumed that the outermost layers 
are deformed far beyond the 10 to 20 percent range 
that Schumann and Erdman-Jesnitzer found to con- 
tain the turning point from increased to decreased 
permeation. If so, it could be that this cold-worked 
zone provides the slow and rate-limiting step in the 
overall permeation process. 

On the other hand, the observed reduction in per- 
meation is in agreement with the statement of Evans 
[6] that "rough surfaces are less liable to the entry of 
hydrogen into the metal than smooth ones, doubtless 
because they provide points favorable to the con- 
version of atomic to molecular hydrogen." Mo- 
lecular hydrogen does not enter the metal but collects 
into bubbles and escapes from the electrolyte; there- 
fore, anything that inhibits the formation of molecular 
hydrogen, such as for example catalytic poisons or 
smooth surfaces, favors the infusion of hydrogen 
into the metal. 

In apparent contrast to the above, Hudson and 
coworkers [9], and Smith ells and Ransley [10] re- 
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Figure 3. The effect of sandblasting on the permeability of 
iron to hydrogen. 



ported the opposite effect of surface roughness. 
However, in both of these cases the experimental 
procedures were different from cathodic charging, 
and involved different mechanisms of hydrogen in- 
fusion. Hudson found that roughening the surface 
by sandblasting increased the rate of hydrogen 
absorption during acid pickling. The increased 
rate probably can be attributed to the strain energy 
of the sandblasted surface, which undoubtedly 
affects pickling behavior. Furthermore, the severely 
cold-worked zone may have been substantially el ched 
away during pickling. 

Smit hells and Ransley [10] measured the permea- 
tion of hydrogen at 673 °C and 0.77 mm Hg pressure 
and found that the permeation rate through polished 
iron specimens was increased 10-fold by acid etching. 
Under these conditions the increased permeation 
rate probably resulted from the increased surface 
area provided by the etching. 

The present sandblasting experiment did not 
separate the effects of cold work and surface rough- 
ness; consequently, no conclusion can be drawn as 
to winch is more effective in reducing hydrogen per- 
meation. However, another experiment (sec. 4.3b) 
in which surfaces were roughened by chemical etch- 
ing, did confirm that roughness, alone, decreases the 
permeation of electrolytic hydrogen. 

4.3. Effect of Prior Charging 

Inasmuch as surface condition is known to affect 
the entry of hydrogen into iron, an attempt was 
made to study this effect with specimens having 
metallurgically "clean" and strain-free surfaces. 
Specimens were prepared by both acid pickling and 
by the ceramic coating-bright annealing technique 
(Groups D and E table 1). It was known that both 
methods inherently result in the uptake and reten- 
tion of hydrogen in iron, but it was not known what 
effect this precharged hydrogen would have on 
subsequent electrolytic charging. Figure 4 compares 
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Figure 4. The effects of acid pickling and ceramic coating- 
bright annealing on the permeability of iron to electrolytic 
hydrogen. 



the permeabilities of specimens prepared by these 
two methods with the permeability of a normalized 
finely ground specimen. This figure shows that the 
hydrogen permeation rate through a prior-charged 
specimen (acid pickled or ceramic coated), quickly 
reached a maximum value then dropped to a lower 
steady-state value; in contrast, the normal con- 
dition is for the rate to start low and gradually in- 
crease until a steady state is reached. This initial 
abnormal behavior of the prior-charged specimens is 
undoubtedly due to diffusible occluded hydrogen, 
wdrich rapidly becomes activated when hydrogen 
pressure from electrolysis is applied to the specimens. 

a. Ceramic Coating 

It has been shown in porcelain enameling tech- 
nology [11] that, at the firing temperature, iron 
becomes saturated with hydrogen made available 
by the chemical reaction of water dissolved in the 
glass with the hot iron, and the metal subsequently 
becomes supersaturated with hydrogen when it is 
cooled to room temperature. Some of this occluded 
hydrogen may diffuse out of the iron, eventually 
building up enough pressure at the iron-enamel 
interface to fracture the enamel. The same con- 
ditions were present with the ceramic-annealed 
specimens except that the hydrogen was not re- 
strained from diffusing out. 

It is probable that a substantial fraction of the 
occluded hydrogen escaped from the iron specimens 
between the time they were precharged and the time 
that electrolytic permeation measurements were 
made. This time delay varied from 2 to 120 days 
and, surprisingly, the length of the delay had no 
significant effect on the permeation behavior. This 
fact seems to indicate that the quantity of pre- 
charged hydrogen in iron remains fairly constant 
after the first 48-hr holding period. 



Inasmuch as structure and surface are both 
affected by ceramic annealing, the cause of the re- 
duction in steady-state permeation could not be 
determined. The resistance of the metal structure 
to the passage of hydrogen undoubtedly was altered 
by the annealing process, but also the surface was 
roughened as a result of selective dissolution of metal 
grains by the enamel. 

b. Acid Pickling 

Acid pickling roughens the metal surface but has 
no effect on the internal structure (other than intro- 
ducing hydrogen). Therefore, it appears that the 
reduction in steady-state permeation is the result of 
the aforementioned catalytic effect of rough surfaces. 

The steady-state rates of both the acid-pickled and 
ceramic-annealed specimens could be varied by 
changing the conditions of precharging; also, the 
heights of the peaks shown in figure 4 varied greatly 
even among replicate tests. However, the relative 
positions of these curves with respect to the normal 
curve remained unchanged. 

c. Suiface Abrading 

Frank and Swets [12] found that hydrogen entered 
and diffused through steel when the metal was rubbed 
with abrasive paper. The effect could be detected 
and measured with a mass spectrometer even when 
dry abrasive paper was used; however, a vastly 
greater flow rate was obtained when the paper and 
specimen were wet. But the maximum flow rate 
observed by this method is smaller by a factor of at 
least 10 3 than that obtainable by acid electrolysis. 

The specimens prepared as described in table 1, 
Group A probably contained some precharged hy- 
drogen from this source despite great care to prevent 
rusting, yet apparently the amount of hydrogen 
precharged by abrading was too small to affect sub- 
sequent electrolytic charging. This was confirmed 
experimentally by abrading two groups of specimens 
identically except that water was used for one group 
and carbon tetrachloride for the other; there was no 
significant difference between the permeation rates 
of the two groups. 

5. Results and Discussions of Hydrogen- 
Deuterium Permeation 

The solid-line curve in figure 5 shows the steady- 
state permeation rate measurements of hydrogen, 
deuterium, and mixtures of the two plotted as a 
function of the percent of D 3 P0 4 in the D3PQ4+H3PO4 
electrolyte. The dashed line is a theoretical curve 
and is discussed in section 5.3. Each point plotted 
on the graph is the average of six or more specimens 
prepared as shown in table 1, group A-l. The stand- 
ard deviations about the respective means are indi- 
cated by vertical lines at the points. 

The fact that the curve is concave downward is 
significant and can be readily explained on the basis 
of the deuterium enrichment phenomenon (separa- 
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Figure 5. The steady-state permeation rates of mixtures of 
hydrogen and deuterium permeating 0.28 mm thick iron 
specimens as a function of the percent of D 3 P0 4 in the total 
D3PO4+H3PO4 electrolyte. 

tion factor). The separation factor is defined as the 
ratio of hydrogen to deuterium in the gas liberated 
at the cathode divided by the ratio of hydrogen to 
deuterium in the electrolyte. 



Thus, S= 



(II !))„ 
"(H/D) a 



(1) 



The separation factor is dependent on a number of 
experimental conditions; consequently, a range of 
values can be found in the literature. Bockris [13] 
reported that at room temperature and at a current 
density of 1 amp/cm 2 , S=5 to 10 in a 1 N aqueous 
acid or alkaline solution. 

5.1. Discussion ol the Rate-Concentration Curve 

Although this preferential discharge of hydrogen 
at the cathode may appear to be an adequate 
explanation of the results plotted in figure 5, there 
are other possible contributing effects. It is well 
established that the abundance of hydrogen at the 
cathode signifies little with regard to its rate of 
infusion into the metal (the prime example, obviously, 
is the above-mentioned effect of catalysis). Also, 
one must consider the mobilities of the two isotopes, 
once they enter the metal, and the influence that 
the presence of each has on the other. One of the 
several theories of hydrogen behavior is that the 
crystal structure of iron becomes "opened" when 
hydrogen under pressure, such as by cathodic 
charging, is forced into the structure; i.e., the passage 
of hydrogen through the structure creates lattice 
"rifts" which then facilitate further passage of the 
gas. Smith fib] in commenting on the relative 
solubilities of hydrogen and deuterium in iron as 
reported by Sie verts et al., [14] noted that the 
observation of the solubility of deuterium was in 
each instance preceded by a measurement of the 
solubility of hydrogen, a procedure which may 
very well have increased the permeability and 
capacity of the metal for deuterium. Also, in the 



case of palladium, Smith [lc] further states that 
"the more penetrative hydrogen is capable of opening 
up the metal so that it is afterward readily permeable 
to deuterium." 

In light of the above, it is conceivable that the 
shape of the experimental rate-concentration curve 
(fig. 5) is influenced by interactions between the 
two isotopes after being discharged from the 
electrolyte; consequently, this possibility was 
explored. 

5.2. Separation Factor and Separation-Permeation 
Factor 

The discharged gases, both before and after per- 
meation through the iron, were analyzed in order 
to determine quantitatively the separation factor 
and the combined effect of the separation factor and 
the permeation rates of mixtures of the two iso- 
topes. The term "separation-permeation factor," 
S-P, was used to express this combined effect and 
is defined as the ratio of hydrogen to deuterium in 
the permeated gas divided by the ratio of hydrogen 
to deuterium in the electrolyte. Thus, 



S-P= 



(H/D) pen 

(H/D). 



(2) 



The gases that diffused through the iron were 
collected for analysis in either of two ways: (1) the 
downstream reservoir was filled with di-n-butyl 
phthalate as described earlier and the diffusant, 
alter displacing the di-ft-butyl phthalate and bub- 
bling up through the liquid into the graduated cyl- 
inder, was transferred to an evacuated sampling 
container, or (2) the downstream reservoir was emp- 
tied and connected directly to the sampling con- 
tainer and both were evacuated prior to starting 
diffusion. One sample of undiffused gas was col- 
lected from the electrolyte side of the cathode for 
determination of the separation factor. In this case, 
the electrolyte chamber was connected to a closed 
system that w^as initially outgassed. 

The results of the mass-spectrometer analyses of 
these various samples, together with the computed 
separation-permeation factors, are shown in table 2. 
The results of the first three tests are considered 
approximate because of probable errors in the stated 
compositions of the electrolytes. Some hydrogen 
contamination of the D 3 P0 4 undoubtedly occurred 
during the preparation of the acid because of the 
extreme hygroscopic nature of P 2 5 ; also, the electro- 
lytes were exposed to the open atmosphere during 
electrolysis (8 to 12 hr). 

In contrast, special precautions were taken to 
prevent contamination of the electrolyte by atmos- 
pheric moisture in Test No. 4, and because this 
electrolyte was near the composition midpoint, the 
experimentally determined values of the separation 
factor and the combined separation-permeation fac- 
tor are mathematically the least sensitive of the 
four tests to errors in composition. Also, the com- 
position of electrolyte No. 4 was adjusted to correct 
for the slight change that occurred during electrolysis. 
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Table 2. Analyses of the gases originating from electrolytes 
of different compositions and the respective separation factor 
and separation-permeation factors 



Test No. 


H:D in 
electrolyte 


H:D of 

gas liberated 
at cathode 


Separation 
factor (S) 


H:Dof 

permeated 

gas 


Separation- 
permeation 

factor 

(S-P) 


1 


Atomic 
percent 
1.0:99.0 
13.3:86.7 
25.7:74.3 
48.6:51.4 


Atomic 
percent 

( a ) 
( a ) 

(a) 

86.0:14.0 




Atomic 
percent 
9.2:90.8 
b 65. 8:34. 2 
79.1:20.9 
90.0:10.0 


10.0 


2 




12.4 


3 




10.9 


4 


6. 5±0. 15 


9. 5±0. 2 







a Not determined. 

b This sample of gas was collected at atmospheric pressure over di-tt-butyl 
phthalate; all others were collected at reduced pressures in evacuated chambers. 

5.3. Calculation of the Theoretical Rate- 
Concentration Curve 

If there are no side effects resulting from inter- 
actions of the two isotopes and if the separation 
factor is constant, it is possible to calculate the 
permeation rate which would be obtained from any 
initial mixture, when the value of the separation 
factor and the two terminal permeation rates are 
known. Thus, it can be shown that the permeation 
rate, R, of the mixture of gases yielded by any ratio 
of the isotopes in the electrolyte is given by 



R=m 



100F 



V+S(100-V) 



(3) 



where V= percent concentration of deuterium in 
the electrolyte, ra=slope of straight line joining 
the terminal rates, and c = permeation rate of 
hydrogen (see app. for derivation). 

The theoretical curve is drawn as a dashed line 
in figure 5, and it is apparent that this curve is 
significantly different from the experimental curve. 
The fact that the latter lies below the former indicates 
that a net retarding effect results when the two 
isotopes are mixed. Had the experimental curve 
been displaced above the theoretical curve, the 
interpretation would be that there was a net accel- 
erating effect; i.e., that the presence of the hydrogen 
opens up the structure or otherwise speeds up the 
passage of deuterium without itself being propor- 
tionately slowed. 

It was assumed that the separation factor was 
constant at all concentrations, but if Sis not constant, 
the shape of the theoretical curve would be different 
from that shown in figure 5. Bockris and Koch 
[15] have calculated the separation factor for iron 
as a function of (H/D) so in from measurements of the 
exchange current densities of HO and DC1 solutions. 
These authors concluded that S is nearly constant 
from zero to about 70 percent deuterium, but 
above 70 percent deuterium, S decreases as deuterium 
increases. The effect of such behavior of the 
separation factor on the theoretical curve would be 
to reduce the divergence between it and the experi- 
mental curve above 70 percent deuterium; obviously, 
this effect would weaken the interpretation given 
in the preceding paragraph. 



5.4. Significance of the Separation-Permeation 
Factor 

It can be shown that if there are no side effects 
from interactions between the two isotopes, the 
separation-permeation factor is equal to the product 
of the separation factor and the ratio of the H and 
D terminal permeation rates. Thus, 



S-P-- 



o Rff 

" S TT» 



Inserting the value of S from Test No. 
terminal rates from figure 5 



(4) 



4 and the 



S-P-- 



=6.5 1|=9.9. 



However, the experimental value of S-P (from 
Test No. 4) was found to be 9.5. While the differ- 
ence in these two values may not be significant, it 
is in the right direction to indicate that the overall 
reduction in rate is suffered at the expense of 
hydrogen. 

5.5. Limitation on Interpretation of Results 

The conclusions from these experiments are 
necessarily tentative for three reasons: (1) the S and 
S-P values are from a single test, (2) S may vary at 
high deuterium concentrations, and (3) the deuterium 
terminal composition was not actually 100 percent 
but probably nearer 99 percent as a result of the 
previously mentioned contamination of the 99.8 
percent starting material. If it is true that hydro- 
gen tends to open the metal structure more than 
deuterium, then it is conceivable that a small fraction 
of hydrogen, even on the order of a few ppm, could 
have a significant effect on the apparent deuterium 
permeation rate. Thus, the rate for very pure 
deuterium could be much less than that of the impure 
material (99 + %) which would have the effect of 
bringing the calculated curve of figure 5 closer to the 
experimental curve and invalidating all calculations 
based on the observed deuterium terminal permea- 
tion rate. 

6. Summary and Conclusions 

1. The permeation rates through iron of mixtures 
of hydrogen and deuterium discharged from acid 
electrolytes were found to be consistently lower than 
the calculated rates based on the relative availabili- 
ties of the two isotopes and the values of their 
individual permeation rates. The discrepancy was 
attributed to interference with the hydrogen by the 
heavier, slower deuterium within the iron structure, 
resulting in a net retardation. 

2. The separation-permeation factor, which is a 
measure of the preferential discharge and permeation 
of hydrogen with respect to deuterium, gave a clue 
to the mechanism of the overall reduction in permea- 
tion rate. Although not rigidly conclusive, the indi- 
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cation was that the flow of hydrogen, whether or not 
it increases the flow of deuterium, as has been postu- 
lated, is itself disproportionately interfered with by 
the presence of the latter. 

3. The recent findings of previous investigators 
that severe cold work and surface roughness reduce 
permeation of cathodic hydrogen were confirmed; 
however, where both conditions prevailed simul- 
taneously, there was doubt as to which had the 
greater effect. 

4. Iron containing substantial amounts of hydro- 
gen, precharged either by acid pickling or by por- 
celain enameling, displayed higher initial cathodic 
permeation rates but lower steady-state rates. 
Precharging iron with very small amounts of hydro- 
gen by abrasion under water did not affect electro- 
lytic permeation. 
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8. Appendix 

Derivation of an equation for calculating the com- 
bined permeation rate through an iron cathode of 
hydrogen and deuterium liberated from an electro- 
lyte containing a mixture of the two isotopes. Given : 
Separation factor and individual permeation rate of 
each of the two isotopes. 

If S (the separation factor) = 1, then all values 
of R (the permeation rate) would be expected to fall 
on a straight line connecting the two terminal 
points and could be expressed mathematically by an 
equation of a straight line: 



where 



R=mz J rC 



a) 



R= ordinate on a coordinate plot, as in figure 
5. 

m= slope of the line joining the points. 
x= percentage concentration of one isotope 

(increasing along the abscissa from at 

the origin). 
c= permeation rate of the other isotope 

(J?-axis intercept). 

But if S?*l, then by definition the hydrogen- 
deuterium concentration at the cathode is different 
from the bulk concentration and the two are related 
thus : 



II, 
1), 



H 

S I) 



(2) 



II 



where yY is the concentration ratio at the cathode, 

IT 

and =pj is the bulk concentration ratio. 

Let 

u=the concentration of deuterium at the 

cathode in percent 
F=the bulk concentration of deuterium in 
percent 
100-V=the bulk concentration of hydrogen in 
percent 



then 



u= 



od, m K 100 m 



D c +H c D. 



1 + 



D 



SK 

100 D 



100 D 
D+H 



D+SH D 



SH 
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v= 



100 D 



100-F= 



D+H 

100 H 



D+H 



(4) 
(5) 



by substituting ^ „ and -pv . tt from eq (4) and (5) 

into eq (3) 

100 V ,^ 

U V+S(100-V) i; 

Then by substituting u for x in eq (1) above, the 
general equation becomes 



R—m 



100 V 

V+S(100-V)~ 



(7) 



and inserting the experimental values 

m=— 0.204 

S=6.5 

c=59.6 
eq (7) reduces to the equation of the dashed curve 
in figure 5. 



#=59.6- 



20.4 V 



650-5.5 V 



(8) 
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